Introduction: The purpose of this study was to assess the diagnostic accuracy of magnetic resonance colonography (MRC) for its ability to detect and quantify inflammatory bowel disease (IBD) affecting the colon. Endoscopically obtained histopathology specimens were used as the standard of reference. Materials and methods: Fifteen normal subjects and 23 patients with suspected IBD of the large bowel underwent MRC. Three dimensional T1 weighted data sets were collected following rectal administration of water prior to and 75 seconds after intravenous administration of paramagnetic contrast (gadolinium-BOPTA). The presence of inflammatory changes in patients was documented based on bowel wall contrast enhancement, bowel wall thickness, presence of perifocal lymph nodes, and loss of haustral folds. All four criteria were quantified relative to data obtained from normal subjects and summarised in a single score. This MRC based score was compared with histopathological data based on conventional endoscopic findings. Results: MRC correctly identified 68 of 73 segments found to reveal IBD changes by histopathology. All severely inflamed segments were correctly identified as such and there were no false positive findings. Based on the proposed composite score, MRC detected and characterised clinically relevant IBD of the large bowel with sensitivity and specificity values of 87% and 100%, respectively, for all investigated colonic segments. Conclusion: MRC may be considered a promising alternative to endoscopic biopsy in monitoring IBD activity or assessing therapeutic effectiveness.
Introduction: The purpose of this study was to assess the diagnostic accuracy of magnetic resonance colonography (MRC) for its ability to detect and quantify inflammatory bowel disease (IBD) affecting the colon. Endoscopically obtained histopathology specimens were used as the standard of reference. Materials and methods: Fifteen normal subjects and 23 patients with suspected IBD of the large bowel underwent MRC. Three dimensional T1 weighted data sets were collected following rectal administration of water prior to and 75 seconds after intravenous administration of paramagnetic contrast (gadolinium-BOPTA). The presence of inflammatory changes in patients was documented based on bowel wall contrast enhancement, bowel wall thickness, presence of perifocal lymph nodes, and loss of haustral folds. All four criteria were quantified relative to data obtained from normal subjects and summarised in a single score. This MRC based score was compared with histopathological data based on conventional endoscopic findings. Results: MRC correctly identified 68 of 73 segments found to reveal IBD changes by histopathology. All severely inflamed segments were correctly identified as such and there were no false positive findings. Based on the proposed composite score, MRC detected and characterised clinically relevant IBD of the large bowel with sensitivity and specificity values of 87% and 100%, respectively, for all investigated colonic segments. Conclusion: MRC may be considered a promising alternative to endoscopic biopsy in monitoring IBD activity or assessing therapeutic effectiveness. E ndoscopic biopsy is considered the gold standard for the detection and quantification of inflammatory bowel diseases (IBD). [1] [2] [3] Invasiveness, procedure related discomfort, risk of perforation, and poor patient acceptance have driven the exploration for alternatives to endoscopy for diagnosing and characterising IBD. [4] [5] [6] [7] [8] Thus the use of fluoroscopy, leucocyte scintigraphy, and computed tomography (CT) for these purposes have been well described. [9] [10] [11] [12] [13] [14] [15] Beyond lack of diagnostic accuracy, exposure to ionising radiation casts a shadow over the future of all three alternatives as a primary means of gauging IBD, particularly in view of the young age of the patients. 16 17 Hence efforts have focussed on magnetic resonance imaging (MRI).
A number of studies have reported on the ability of MRI to detect IBD. Most protocols relied on administration of paramagnetic contrast to assess bowel wall enhancement on T1 weighted images. 18 19 While excellent image quality with clear delineation of diseased bowel regions was achieved, correlation with the Crohn's disease activity index has been poor. [20] [21] [22] [23] [24] [25] Recently, MR colonography (MRC) based on the acquisition of T1 weighted three dimensional data sets following colonic distension with a water enema and administration of paramagnetic contrast has been described. [26] [27] [28] The technique is successful in detecting colorectal masses beyond 5 mm in size. Reflecting its non-invasive character, sparing the patient from any exposure to ionising radiation, MRC is preferred over conventional endoscopy by the majority of patients. 29 30 This study was designed to assess the diagnostic accuracy of MRC for its ability to detect and quantify IBD affecting the large bowel, using endoscopically obtained histopathology specimens as the gold standard.
MATERIAL AND METHODS
The study was conducted in accordance with all guidelines set forth by the approving institutional review board. Written informed consent was obtained prior to each examination. Exclusion criteria included contraindications to MRI, such as presence of a pacemaker, metallic implants in the central nervous system, or claustrophobia.
Subjects
To evaluate normal colonic parameters, MRC was initially performed on 15 healthy volunteers (nine women, six men; aged 35-50 years (mean age 43 years)) with no history of IBD. Over a three month period, MRC was subsequently performed on 23 patients (14 women, nine men; aged 27-60 years (mean age 37.2 years)). All patients had been referred for conventional colonoscopy because of known IBD (ulcerative colitis n = 16, Crohn's disease n = 7) affecting the large bowel. Apart from clinical suspicion, all patients exhibited high inflammatory parameters (leucocytosis .13 000/nl and/or C reactive protein .1.5 mg/dl) and clinical symptoms such as abdominal pain, pararectal bleeding, fever, or diarrhoea.
MRI
Following standard bowel cleansing (oral ingestion of 3000 ml Golytely; Braintree Laboratories, Braintree, Massachusetts, USA) all MR examinations were performed on a 1.5 T MR system (Magnetom Sonata, Siemens Medical Solutions, Erlangen, Germany) in the prone position. A combination of two surface coils was used in conjunction with the built-in spine array coil for signal reception to permit coverage of the entire colon. To minimise bowel peristalsis, 40 mg of scopolamine (Buscopan; Boehringer Ingelheim, Germany) were injected intravenously prior to rectal filling. Following placement of a rectal enema tube (E-Z-Em; Westbury, New York, USA), the colon was filled with 1500-2000 ml of warm water using hydrostatic pressure (1-1.5 m water column). The filling process was monitored with a real time fluoroscopic sequence in coronal plane (TR/TE 2.4/1.2 ms, flip angle 60˚, field of view 4006350 mm, matrix 2056256, and a slice thickness of 5 mm) permitting the acquisition of one image per second. The filling process was stopped as soon as colonic distension to the level of the caecum was verified on MR fluoroscopy.
With the colon adequately distended, a T1 weighted three dimensional gradient echo data set with integrated fat suppression (volumetric interpolated breathhold examination (VIBE)) was collected in the coronal plane. Sequence parameters included: TR/TE 3.1/1.1 ms, flip angle 12˚, field of view 4506450 mm, matrix 1686256, and an effective slice thickness of 1.6 mm. Subsequently, paramagnetic contrast (Gadolinium-BOPTA, Multihance; Bracco, Italy) was administered intravenously at a dosage of 0.2 mmol/kg and a flow rate of 3.5 ml/s. Following a delay of 75 s, the three dimensional acquisition was repeated with identical imaging parameters. The three dimensional data were collected breathheld over 22 seconds.
Conventional colonoscopy
Conventional colonoscopy was performed using standard equipment (model CFQ 140; Olympus, Tokyo, Japan) within 24 hours of the MR examination. The attending gastroenterologist was unaware of the MR findings. When necessary, sedatives (Dormicum; Roche, Germany) or analgesics (Dolantin; Hoechst, Germany) were administered. Suspicious inflammatory segments were recorded and biopsied. All biopsy materials were analysed by a histopathologist who graded the specimen as follows: normal, slight inflammation, moderate inflammation, or severe inflammation.
Data analysis
For each subject, both native and contrast enhanced three dimensional MRI data sets were transferred to a post processing workstation (Virtuoso; Siemens Medical Solutions, Erlangen, Germany). The data sets were assessed in a consensus mode by two experienced radiologists in the multiplanar reformation mode, which permitted scrolling through the three dimensional data sets in all three orthogonal planes. For analysis, the colon was divided into six segments: rectum, sigmoid colon, descending colon, transverse colon, ascending colon, and caecum.
MRC quality was assessed qualitatively for both volunteers and patients. Colonic distension was classified for each segment as: 1 = well distended, 2 = moderately distended, and 3 = poorly distended. Furthermore, each segment was evaluated for the presence of artefacts: 1 = no artefacts; 2 = moderate artefacts, diagnostic image quality; and 3 = extensive artefacts, non-diagnostic image quality.
Analysis of the volunteer data was conducted to serve as a reference base. Signal intensity (SI) measurements were performed within regions of interest placed in the lumen and adjacent wall of all colonic segments for all 15 normal subjects. For this purpose, coronal MR images were magnified threefold. Image noise, defined as the standard deviation of SIs measured in a region of interest outside the body, was also determined. Based on these measurements, contrast to noise ratios (CNR) were calculated for representative parts of all bowel segments on the pre and contrast enhanced data sets: CNR = (SI (colonic wall) 2 SI (lumen))/noise. Furthermore, the number of haustral folds as well as colonic wall thickness were determined for all colonic segments.
Patient MR data sets were assessed for the presence of IBD. Criteria included increased contrast uptake in the colonic wall, bowel wall thickening, number of lymph nodes, and loss of haustral folds. Assessment of these parameters was expressed relative to measurements determined in normal subjects. Thus contrast uptake in patients was graded as: 0 = no increased uptake; 1 = less than 25 % increase; 2 = 25-50% increase; and 3 = more than 50% increase in contrast uptake compared with the standard of reference determined in the volunteer cohort. Thickness of the colonic wall was graded as: 0 = no bowel wall thickening; 1 = less than 25% increase; 2 = 25-50% increase; and 3 = more than 50% increase in bowel wall thickening. The number of colonic folds in each segment was documented and characterised relative to the reference parameters determined in normal subjects: 0 = no loss of haustration; 1 = loss of haustral folds less than 25%; 2 = loss of haustral folds of 25-50%; and 3 = loss of haustral folds more than 50%. Furthermore, patient images were assessed for the presence of perifocal lymph nodes. Their presence was deemed pathological and hence graded as follows: 0 = no lymph nodes; 1 = 1-4 lymph nodes; 2 = 5-10 lymph nodes; and 3 = more than 10 lymph nodes.
For each abnormal segment identified in the 23 examined patients, an inflammatory score, based on the sum of the four outlined inflammatory parameters, was determined. It was classified as follows: (4 points = slight inflammation; 5-8 points = moderate inflammation; and .8 points = severe inflammation. The accuracy of the inflammatory scores determined by MRC were assessed by calculating point estimates for sensitivity and specificity using the histopathology data as the standard of reference.
RESULTS
All MR examinations in normal subjects and patients were completed without complications. Similarly, there were no complications associated with conventional colonoscopy or endoscopic biopsy.
MR findings
MRC image quality was rated as ''diagnostic'' in all normal subjects and patients. The mean artefact value was 1.24 for normal subjects and 1.40 for patients. Concerning the presence of artefacts, in normal subjects the best image quality was found in the rectum with a mean value of 1.14 (patients 1.23) and the poorest results were seen in the descending and ascending colon with average values of 1.28 and 1.27, respectively (patients 1.30 and 1.31, respectively). Artefacts were mainly related to motion or wrap around. The mean distension value in normal subjects was 1. In normal subjects, the mean CNR value after intravenous injection of paramagnetic contrast agent was highest in the rectum (43.0) and lowest in the ascending colon (21.0). Mean colonic wall thickness was 2 mm and there were no statistically significant differences between all colonic segments ( fig 1A-C) . No perifocal lymph nodes were observed in any of the volunteers. The number of haustral folds was highest in the transverse colon (n = 16) and lowest in the rectum (n = 2.5). Detailed data for all segments and volunteers are listed in table 1.
Conventional colonoscopy and histopathology
In conventional colonoscopy, 92 of 138 segments contained within the 23 patients were considered diseased and thus Distension and the presences of artefacts was ranked according to a three point scale (1 = good distension, no artefacts and 3 = poor distension, extensive artefacts). CNR, contrast to noise ratio. subjected to biopsy. The segmental distribution was as follows: rectum 1: 14 biopsies; sigmoid colon: 18 biopsies; descending colon: 18 biopsies; transverse colon: 20 biopsies; ascending colon 5: 12 biopsies; and caecum: 10 biopsies. Histopathological analysis documented the presence of inflammatory changes in 73 segments: rectum: n = 11; sigmoid colon: n = 16; descending colon: n = 13; transverse colon: n = 15; ascending colon: n = 8; and caecum: n = 10. The pathologist graded the affected segments as follows: slight inflammation (n = 31), moderate inflammation (n = 25), and severe inflammation (n = 17).
Comparison of MRC and histopathology
Similar to conventional colonoscopy and histopathology, MRC correctly diagnosed colonic segments affected by IBD in all 23 patients. MRC correctly identified 68 of 73 histopathology proven diseased segments. Five segments considered inflamed by histopathology were considered normal on MRI. These included three segments with slight inflammation (transverse colon in two patients and caecum in one patient) and two segments in which histopathology revealed moderate inflammation (rectum and transverse colon in two patients) (fig 2A, B sensitivity and specificity values of 87% and 100%, respectively, for all investigated colonic segments.
DISCUSSION
The present data indicate that MRC represents an accurate alternative to conventional colonoscopy with endoscopic biopsy for the detection and characterisation of IBD affecting the colon. Based on T1 weighted three dimensional image sets collected after administration of a water enema and intravenous paramagnetic contrast, a IBD activity score can be compiled encompassing four quantifiable criteria: colonic wall thickness, colonic wall enhancement, number of haustral folds, and number of perifocal lymph nodes. This score permitted the correct identification of 68 segments characterised as inflamed by histopathology. While three mildly and two moderately inflamed segments were falsely considered normal, there were no false positive readings on MRC.
Crohn's disease and ulcerative colitis are the most frequent specific IBD, with a prevalence of approximately 1 in 500. [31] [32] [33] Diagnostic procedures in IBD serve to validate the diagnosis and to optimise treatment. Features indicating colitis include mural thickening exceeding 3 mm, [34] [35] [36] submucosal oedema, mesenteric fat stranding, mesenteric hypervascularity, and fibro-fatty proliferation. [37] [38] [39] At the time of initial diagnosis, endoscopy of the entire colon is considered mandatory, including multiple step biopsies. When diagnostic guidelines are followed and adequate clinical information is available, IBD is correctly classified in 80-90% of cases on the first examination. [40] [41] [42] The role of colonoscopy is far less clear as it pertains to monitoring disease activity and assessing therapeutic effectiveness. The decision whether and when to perform endoscopy during disease exacerbation or following initiation of treatment remains highly individualised. When disease activity is evaluated, a distinction must be made between degree of activity, as reflected by laboratory parameters, and severity of illness, as reflected by the clinical presentation with abdominal complaints. Distinct activity indices have been shown to be useful in clinical studies although most lack objective criteria. Therefore, colonoscopy is still frequently performed and histopathology serves as the ultimate gold standard.
Despite its use as a gold standard, colonoscopy is not without limitations. Thus the view of the endoscopist is limited to the colonic lumen. Wall thickness or the presence of lymph nodes cannot be assessed. This limitation can be compensated for by the liberal use of multistep endoscopic biopsy. This procedure however is fraught with the potential for severe complications, including bowel perforation. [43] [44] [45] [46] To reduce the number of required biopsies, some authors recommend the use of endoscopic ultrasonography. Endoscopic ultrasonography represents an excellent modality for the evaluation of transmural changes of the bowel wall not seen with endoscopy alone. [47] [48] [49] [50] Soweid and colleagues 51 examined 28 patients with IBD and 10 healthy subjects by means of catheter probe assisted endoluminal ultrasonography. Mean colonic wall thickness was found to be 2.2 (0.1) mm in healthy subjects which compares favourably with the 2 mm value determined with MRI in this study of 15 normal subjects. Colonic wall thickness increased to 4.1 (0.4) mm in patients with ulcerative colitis and 4.4 (0.4) mm in patients with Crohn's disease. Although wall thickness and layer structure correlated well with histopathological changes and clinical data, an exact quantification of disease activity was not possible. [51] [52] [53] [54] Furthermore, the technique is burdened by an invasiveness similar to colonoscopy.
Patient discomfort and the potential risks associated with endoscopic biopsy have motivated the evaluation of various radiological imaging techniques to identify and quantify IBD activity in the colon. In a study involving 137 IBD patients, 54 abdominal ultrasonography findings were compared with the clinical activity index which includes data from urine culture, erythrocyte sedimentation rate, and C reactive protein values. The extent of inflammatory changes of the bowel wall detected by ultrasonography was not directly associated with an increase in the clinical activity index and laboratory parameters of inflammation.
To date, the role of CT has been mainly in identifying potential complications of IBD such as fistulas and abscesses. 55 56 Assessment of the colonic wall has played a lesser role until the emergence of CT colonography (CTC) which can detect and characterise inflammatory changes affecting the colonic wall. 37 57 To compensate for residual fluid, CTC is generally performed in the prone and supine positions. Any assessment of IBD also requires imaging prior to and following intravenous administration of iodinated contrast agents. 58 59 The nephrotoxicity inherent in the contrast agent in conjunction with considerable exposure to ionising radiation, reflecting the need to image prone and supine as well as before and following intravenous contrast, have limited the clinical impact of CTC for monitoring IBD activity. Exposure rates easily exceeding 8 mSv for frequently required monitoring examinations seem difficult to justify, particularly in view of the often young patients suffering from IBD. [60] [61] [62] [63] To date, a correlation between quantitative CTC parameters and histopathology in patients with IBD has yet to be provided.
Barium enema examinations represent another alternative for assessing patients suffering from IBD. Although it provides an excellent depiction of the mucosal surface, the examination is limited by radiation exposure and does not deliver exact data about the underlying inflammatory activity. [64] [65] [66] A functional approach to assessing inflammatory disease activity is offered by 99mTc hexamethyl-propylamine-oxim (HMPAO) leucocyte scintigraphy. In a trial encompassing 136 IBD patients, the technique was found to be highly sensitive and specific. 11 Again, however, exposure to ionising radiation limits the clinical applicability of this examination for monitoring IBD disease activity in young patients.
Following positioning and localisation scans, MRC requires merely the acquisition of two three dimensional data acquisitions, each lasting 22 seconds. A break of more than one minute between the two acquisitions assures excellent patient compliance with breathholding instructions. Diagnostic MRC is predicated on the fulfilment of two requirements: good bowel distension and sufficient contrast between the bowel lumen and the colonic wall as well as the pathologies affecting it. Bowel distension is accomplished with rectal administration of water. [26] [27] [28] The contrast between the lumen and surrounding wall is assured by the administration of a T1 shortening paramagnetic contrast agent. Previous studies have shown that colonic wall enhancement is maximal at around 75 seconds following contrast administration. [26] [27] [28] The enhancing wall is easily delineated against the dark, cleansed, and water filled colonic lumen. The success of the examination is further determined by the contrast characteristics of the MR sequence employed. In this study, a three dimensional VIBE sequence was employed. It assures extensive T1 weighting with homogeneous fat suppression. The latter proved most important for the evaluation of lymph nodes in the pericolic fat. Thus the sequence permitted accurate assessment of all four quantitative parameters: wall thickness, wall enhancement, haustral folds, and perifocal lymph nodes. The combined score permitted a most accurate identification and characterisation of colonic segments affected by IBD, as confirmed by histopathological analysis.
While the underlying diagnostic criteria have been established in previous studies, [67] [68] [69] [70] this study proposes the use of a combined score to characterise IBD activity. The score is based on reference data collected in normal subjects. Herein lies a considerable weakness of the proposed methodology. Beyond the fact that the number of normal subjects and examined patients was quite limited, the absolute quantitative enhancement data underlying the relative scores are subject to considerable influence by technical details. Thus the use of a different three dimensional sequence with more or less T1 weighting, or the use of a contrast agent with differing relaxation properties, would severely compromise the utility of relative scores. This problem could be solved by providing standardised probes which would need to be placed in the patient's abdomen at the time of scanning. While this dependency on consistent technique is unique to the CNR parameter, patient related variations must be considered for the number of haustral folds. Although the number of folds varied little among our 15 healthy subjects, it is likely that an age dependency exists. Hence more reference data will need to be collected.
Clearly this study is burdened by other limitations. First and foremost, all patients included in the study were suffering from IBD, thereby introducing a strong reading bias. We attempted to limit the influence of this bias by focusing the analysis on colonic segments. This resulted in an excellent correlation between MRC scoring and histopathology, both with regard to identification and characterisation. All severely inflamed segments were identified as such with MRC. These results should encourage the use of MRC as an alternative to colonoscopy with biopsy in the setting of IBD monitoring and assessing treatment effectiveness. We strongly believe that the proposed MRC based activity index will prove useful for evaluating and quantifying inflammatory activity in patients with colitis.
